Topography, weather, and fuels are known factors driving fire behavior, but the degree to which each contributes to the spatial pattern of fire severity under different conditions remains poorly understood. The variability in severity within the boundaries of the 2006 wildfires that burned in the Klamath Mountains, northern California, along with data on burn conditions and new analytical tools, presented an opportunity to evaluate factors influencing fire severity under burning conditions representative of those where management of wildfire for resource benefit is most likely. Fire severity was estimated as the percent change in canopy cover (0-100%) classified from the Relativized differenced Normalized Burn Ratio (RdNBR), and spatial data layers were compiled to determine strength of associations with topography, weather, and variables directly or indirectly linked to fuels, such as vegetation type, number of previous fires, and time since last fire. Detailed fire progressions were used to estimate weather (e.g., temperature, relative humidity, temperature inversions, and solar radiation) at the time of burning. A generalized additive regression model with random effects and an additional spatial term to account for autocorrelation between adjacent locations was fitted to fire severity. In this fire year characterized by the relative absence of extreme fire weather, topographical complexity most strongly influenced severity. Upper-and mid-slopes tended to burn at higher fire severity than lower-slopes. East-and southeast-facing aspects tended to burn at higher severity than other aspects. Vegetation type and fire history were also important predictors of fire severity. Shrub vegetation was more likely to burn at higher severity than mixed hardwood/conifer or hardwood vegetation. As expected, fire severity was positively associated with time since previous fire, but the relationship was non-linear. Of the weather variables analyzed, temperature inversions, common in the complex topography of the Klamath Mountains, showed the strongest association with fire severity. Inversions trapped smoke and had a dampening effect on severity within the landscape underneath the inversion. Understanding the spatial controls on mixed-severity fires allows managers to better plan for future wildfires and aide in the decision making when managing lightning ignitions for resource benefit might be appropriate.
INTRODUCTION
Fire is an important ecological process in many forested landscapes, with variation in the intensity and resulting severity strongly influencing forest structure and shaping habitat for a diversity of species. Fire regimes vary greatly among ecosystems, ranging from predominantly lowseverity surface fire, where intensity causes little change to the overstory vegetation, to standreplacing crown fire. The fire regime in forested areas of northwestern California lies somewhere between these extremes, with still relatively frequent but commonly mixed-severity effects (Perry et al. 2011) . Patterns of fire severity are influenced by factors that drive fire behavior, namely topography, weather, and fuels. Our understanding of the degree to which each contributes to the spatial patterns of ecological change (fire severity) across a diversity of forested landscapes and under different burning conditions is improving (e.g., Alexander et al. 2006 , Collins et al. 2007 , Lentile et al. 2007 , Holden et al. 2009 , Thompson and Spies 2009 , Bradstock et al. 2010 , Miller et al. 2012a , Prichard and Kennedy 2014 ) but many details remain inadequately understood. Adding to the complexity are a warming climate and increasing fuel loading and continuity as a result of fire exclusion, all of which can influence fire frequency and severity (Miller and Urban 1999 , Westerling et al. 2006 , Cansler and McKenzie 2014 .
Topography (e.g., elevation, slope, aspect, complexity) influences fire behavior directly, with rate of spread greatest on steeper slopes (Rothermel 1972) , and heading fire more probable on upperslope than on lower-slope positions (Skinner et al. 2006) . Topography also influences biophysical gradients such as solar radiation and topographic moisture, thereby altering fuel composition and availability for consumption (Holden et al. 2009 ). Annual and daily meteorological patterns can heavily influence fire behavior (Mart ın and Birk 2010) in any given fire season (climate) or day (temperature, relative humidity, wind). Fuel, a factor that can be manipulated through management, is a function of vegetation, which is controlled by topographic gradients, climate, and modified by time since previous fire or the severity of previous fire(s) (Collins et al. 2008 , Holden et al. 2009 ).
The degree of influence of topography on fire severity is often related to the degree of topographic complexity of the landscape. Strong relationships between topography and fire severity have been reported in the Klamath-Siskiyou region (Weatherspoon and Skinner 1995 , Taylor and Skinner 1998 , Jimerson and Jones 2003 , as well as in other mixed fire severity regimes in the Mediterranean (Oliveras et al. 2009 ), Australia (Bradstock et al. 2010) , and southern Appalachian mountains (Wimberly and Reilly 2007) . Conversely, other studies have found little association between topography and fire severity patterns. For example, following a lightning-ignited wildfire in a frequently burned Sierra Nevada forest, Collins et al. (2007) found only a weak relationship between topography and fire severity, and Turner et al. (1999) reported severity in the 1988 Yellowstone fires, which burned across a relatively gentle landscape, to be unrelated to topography.
Weather parameters at the time of burning are often difficult to obtain or estimate (Collins et al. 2007 , Thompson and Spies 2009) . The increasing availability of daily fire progression maps linked to weather recorded at nearby remote automated weather stations (RAWS) can provide a rough index of weather at the time of burning. However, progressions are usually only created for large fires and are often only created daily under times of highest spread. At times of reduced fire behavior (low spread), fire progression maps may only be produced every few days. Still, weather variables linked to progression maps do provide a coarse index of fire weather conditions among burning periods for a fire.
Neglecting to include weather variables may lead to spurious conclusions about the relative importance of factors contributing to fire severity. In addition, the contribution of weather, relative to other factors, may vary greatly over different burning conditions within fires. For example, during benign weather conditions, severity may be influenced more strongly by variability in topography and fuels (Bradstock et al. 2010 ), whereas extreme conditions may overwhelm the effects of non-weather variables on severity (Bigler et al. 2005 , Nunes et al. 2005 . For example, Thompson and Spies (2009) , evaluating the large Biscuit fire in the topographically complex Klamath-Siskiyou region, found that severity patterns were not closely tied to topography, presumably because a severe wind event was responsible for nearly half of the total area burned. Another weather-related factor potentially having considerable effect on fire behavior is temperature inversions. Temperature inversions reduce lift of the smoke plume and trap smoke near the surface, leading to lower surface temperatures and higher relative humidity, thereby substantially suppressing fire activity (Robock 1988 , Weatherspoon and Skinner 1995 , Skinner et al. 2006 , Sharples 2009 ). To date, no research has been conducted to approximate the location of temperature inversions and quantify effects of temperature inversions on fire severity.
The 2006 fire season in the Klamath Mountains of Northwest California provides an opportunity to assess the mechanisms driving severity of fires burning under average conditions following a period of wetter than normal fall/winter/spring precipitation. These or similar conditions are ones most optimal for management of wildfires to achieve resource benefits, and modeling the controls on fire severity will provide managers tools to better understand effects of such wildfires. We employed new data sources and techniques to address shortfalls that have limited a better understanding of mechanisms regulating fire severity in the past. A complete data set spanning multiple fires greater than 400 ha primarily in wilderness land allocation on the Klamath and Six Rivers National Forests was developed to explore a wide range of biotic and abiotic relationships with patterns of fire severity. One advantage of these fires for studying controls on severity was the long burning period (July-October), which captured a large range of weather conditions. We also considered the effect of temperature inversions on fire severity patterns for the first time, and used robust statistical analyses to control for spatial autocorrelation, which can otherwise interfere with or confound relationships between variables of interest and fire severity.
METHODS

Study area
The Klamath Mountains cover approximately 225,000 km 2 between the California Coast Ranges and the Cascade Ranges in northern California (Fig. 1) . The climate is Mediterranean with long, hot summers and cool, wet winters. The Klamath Mountains are characterized by complex topography with steep canyons and tall peaks over a broad range of elevations (30-2775 m), which heavily influences the structure and composition of vegetation (Skinner et al. 2006 (Skinner et al. 2006) . Prior to extensive Euro-American influence, lower-to mid-elevation mixed conifer/hardwood forests of the Klamath Mountains historically burned every 5-19 yr (Taylor and Skinner 1998 , 2003 , Fry and Stephens 2006 , with riparian areas and higher-elevation forests burning somewhat less frequently (Stuart and Salazar 2000, Skinner 2003 ). However, due to fire suppression as well as the reduction in Native American fire use, most areas have burned less frequently in the recent recorded history and some not at all since 1908 (Miller et al. 2012b) . As a result, fuel levels are elevated compared to historical conditions.
Fire characteristics
Five lightning-ignited fires that burned on the Klamath and Six Rivers National Forests during the summer and fall of 2006 were selected for this study (Table 1, Fig. 1 ). The 2006 fire season followed a fall/winter/spring where precipitation was 50% above average (based on monthly precipitation values from 1936 to 2016 from three of the closest weather stations with long-term precipitation records (Happy Camp, Fort Jones, and Orleans; California Data Exchange Center). The 2006 water year was the fourth or fifth wettest during this time period-years with precipitation equaling or exceeding these amounts happen on average every 16-20 yr. As a result, the fire season started slowly, with burning index (BI: an index of potential fire intensity used by fire management agencies that integrates variables controlling the forward spread of a fire, such as wind speed, and fuel consumption, such as fuel moisture) values mostly below average through June, near average in July and August, and somewhat above average for a few time periods in September and October as the fire season shifted down from its peak ( Fig. 2) . Overall, the fire season was about average with the BI exceeding the 97th percentile on only five days (Fig. 2) . These would be the conditions under which the most extreme fire behavior might be expected, should weather be a major controlling factor. Thunderstorms, some accompanied by copious rainfall, in late July resulted in numerous fire ignitions, some of which burned until the fall rains in late September and October. Approximately 69,000 ha of the Klamath Mountains burned during this period. Fires occurred primarily in wilderness but also burned managed private 18-yr (1997-2015) minimum, maximum, and average values for the same dates. The BI is a measure of potential fire behavior/difficulty of control used by fire management agencies which integrates variables associated with the forward rate of spread of a fire (e.g., wind speed) and consumption of fuel (e.g., fuel moisture). The BI was calculated using data from nine weather stations located in or near the western half of the Klamath National Forest, using the program Fire Family Plus. and Forest Service land across a broad range of elevations and vegetation types. The Bar/Pigeon complex (40,636 ha), which burned predominantly on the Shasta-Trinity National Forest, was not included because the Pigeon Fire was humancaused and started adjacent to a major highway. While the Pigeon Fire eventually burned together with the lightning-ignited Bar Fire, the human cause and greater proximity to infrastructure led this fire to be managed differently with a larger proportion of the area within the fire perimeter potentially being influenced by fire management tactics, such as burnout operations.
Fire progression maps for the periods between 25 July 2006 and 4 October 2006 were obtained for all five fires from the Klamath National Forest and the National Interagency Fire Center. These maps show the daily progression of each fire during the more active fire periods and the multi-day progression during periods with less-active fire spread. The fire progression maps allowed fire weather variables and solar radiation grids to be linked spatially and temporally, producing average fire weather and solar radiation for each day.
Fire severity
Fire severity is defined as the magnitude of ecological effect of fire (Sugihara et al. 2006 ) usually described as amount of physical change (Sousa 1984) and is a function of biological and physical variables that influence fire behavior. The differenced Normalized Burn Ratio (dNBR), a measure of absolute change between pre-and post-fire Landsat satellite images, is commonly used to map severity (Key and Benson 2006) . However, dNBR is correlated with pre-fire vegetation conditions, and categorical maps developed from dNBR have been shown to underrepresent high-severity fire (Miller and Thode 2007 , Kolden et al. 2015 , Whittier and Gray 2016 . To avoid biasing by prefire conditions, we used a Relativized dNBR (RdNBR) computed by dividing dNBR by a function of the pre-fire image (Miller and Thode 2007) .
Containment dates of the fires in our study occurred in late October and early November (Table 1) . Therefore, immediate post-fire satellite images could not be used because steep northfacing slopes at this latitude are obscured by shadows due to low sun angles this late in the calendar year. Therefore, RdNBR data were derived from an image acquired 13 August 2007, the first summer after the fires occurred. Fire effects recorded with one year post-fire images can include immediate as well as delayed effects, such as conifer mortality or resprouting of shrubs (Key 2006) . Areal extent of stand-replacing fire can consequently be underestimated, especially where species that respond by resprouting dominate. In forested environments, Landsat images are primarily correlated with variables describing the upper tree canopy, because effects to the understory are obscured (Cohen and Spies 1992, De Santis and Chuvieco 2007) . Percent change in canopy cover, herein termed "fire severity," was used as the measure of the effects of fire on vegetation in this study ( Table 2 ). The RdNBR raster data were transformed into a continuous measure of percent change in canopy cover (0-100%) using calibrations previously derived using plotlevel data acquired in part within the perimeters of the same five 2006 fires (Miller et al. 2009 ).
Topographic data layers
Topography quantitatively describes the terrain of a landscape using different components (elevation, aspect, slope percent, and slope position; Table 2 ). These variables have different effects on behavior as fire moves across the landscape. Elevation can explain changes in temperature following the adiabatic lapse rate, especially in topographically complex terrain. Aspect influences the amount of solar radiation and moisture availability, which contribute to fire behavior directly, as well as indirectly through differences in vegetation composition and density. Slope percent is a key factor influencing fire intensity, with steeper slopes leading to greater preheating of fuels and increased rate of spread when fire is moving upslope. The probability of fire moving uphill or backing downhill is influenced by slope position, with lower-slope positions more likely to experience lower flame lengths and lower rates of spread in a backing fire. Slope position and elevation are also indicators of vegetation type, with upper slopes tending to contain more sclerophyllous vegetation and lower slopes dominated by more mesic vegetation.
The amount of solar radiation reaching a specific location is a function of the topographic elevation, aspect, and slope (Table 2) . We calculated potential solar radiation (kJÁm À2 Ád À1 ) by taking into account both direct and diffuse radiation and ❖ www.esajournals.org 6 Mayl 2017 ❖ Volume 8(5) ❖ Article e01794 using latitude, elevation, slope, aspect, and shading in homogeneous clear sky conditions. In order to model the temporal changes during the fires, average solar radiation was calculated for each period during which fire progressions were available. Solar radiation was calculated using the shortwave models developed by Kumar et al. (1997;  Table 2 ).
National fire danger rating indices and weather variables
Hourly weather variables were obtained from six Remote Automated Weather Stations (RAWS) within the Klamath National Forest, California. Mean, minimum, and maximum temperature and relative humidity were calculated for each period during which fire progressions were available in order to model the temporal changes during the fire (Table 2) .
Of particular interest are temperature inversions that frequently occur during widespread fire events in this landscape (Robock 1988 , Skinner et al. 2006 . Observations from the fire line suggest that inversions have a considerable effect on fire behavior. The multiple fires burning in the Klamath Mountains in 2006 generated significant amounts of smoke. The ignition of these fires was followed by several periods with stable atmospheric conditions characterized by subtropical highs. These weather conditions led to subsidence inversions that trapped smoke and reduced mixing, leading to lower surface temperatures and higher relative humidity that substantially suppressed fire activity (Robock 1988 , Weatherspoon and Skinner 1995 , Skinner et al. 2006 , Sharples 2009 ). Fire severity above the inversion has been observed to be similar to or greater than below the inversion due to lower relative humidity and higher temperatures (Robock 1988) . When the inversions dissipate, either by a changing air mass or higher winds, fire spread can increase dramatically, often leading to large patches . Presence or absence of an inversion was then spatially linked to the daily fire progressions for each fire. In addition, the inversion was modeled as an interaction with elevation in the final output.
Vegetation and previous fire history
Vegetation types differ in the structure and rate of development of fuels, and the number of fires and time since last fire provide a rough indication of fire-related effects to vegetation that might have occurred as well as potential surface fuel availability. For example, because lightning-ignited fires in this landscape typically produce low-to moderateseverity effects over the majority of acres burned (Miller et al. 2012b) , areas burned numerous times would be expected to have, on average, less-abundant ladder fuels and areas burned most recently would be expected to have, on average, less surface fuel. The vegetation types within the 2006 fires were classified as shrub, herbaceous, conifer, mixed conifer/hardwood, or hardwood, based on vegetation maps developed by the USDA Forest Service, Pacific Southwest Region's Remote Sensing Lab (CALVEG 2004; Table 2 ). The number of fires since 1908 (range = 0-4) and time since the previous fire (range = 0-93 yr) were calculated for areas that occurred within the perimeters of the 2006 fires, using the interagency California digital fire history database which contains fire perimeters for fires beginning in 1908 through the present (available online at http://frap. fire.ca.gov/data/frapgisdata-sw-fireperimeters_do wnload; Table 2 ). Locations within the fire perimeters with no record of fire since 1908 were assumed to have burned during the previous large fire year (1896; %110 yr since the previous fire). This database is the most complete compilation of perimeters of fires >4 ha for the state, but perimeters for many small fires <40 ha prior to 1970 are likely missing.
Spatial data analyses
Analysis was conducted on the full set of data with 226,110 pixels/observations in all five of the fires (Table 3) . A generalized additive regression model (GAM) with random effects was fitted to the square root of percent canopy cover change (CC) with smooth spline functions of the continuous covariates. Although other methods exist to model spatially explicit data, these are often limited to linear relationships. Generalized additive regression models allowed the flexibility of modeling non-linear relationships present in the data set. We were able to take advantage of the flexibility in GAM in particular because there was no remaining autocorrelation in the residuals from the fitted models (Fig. 3 ).
The regression model was
for the jth sample point in the ith fire; a = intercept, d(X kj ) = step function for the kth categorical variable; s(X mj ) = smooth spline function of the mth continuous variable; s(xloc j , yloc j ) = two-dimensional spline function (surface) of location of each 30-m pixel; s i = random effect of ith fire; and e ij = random error term.
The spatial term s(xloc j , yloc j ), in the regression equation above, was included to account for spatial autocorrelation between adjacent locations not accounted for by the other spatially explicit variables in the model (e.g., elevation). The square root of CC was used as the dependent variable because the histogram of the latter was more symmetric than the untransformed data. The independent/explanatory variables were composed of continuous and categorical variables (e.g., past fire history, vegetation type; Table 2 ). The random fire effect (the five individual fires) was not significant (SE of the random fire effect wasŝ ¼ 1:2 Â 10 À5 as compared to the SE of the residualsr ¼ 5:498). Therefore, the final model was fitted without a random fire effect. All spatial analyses were performed in R 3.0.2 (R Development Core Team 2016) using the "mgcv" libraries (Wood 2011) . Significance of each categorical variable was determined using the intercept and the associated estimated value at the corresponding level. In order to assess the contribution of each of the predictor variables (continuous and categorical) in the final model, the percentage of relative importance was assessed based on (1) the F value and (2) the SE and range of the partial residuals of each predictor. Spatial autocorrelation was determined by generating correlograms for the raw data and for the residuals from the final model using the "gstat" library in R 2.15.2 (Pebesma 2004 ).
RESULTS
Fire severity, topography, previous fire history, and weather
Of the acres burned in the five fires, 77% burned at low to moderate severities and 23% burned at high severity (Table 1) . The Uncles and Titus Fires had the largest percentage burned at high severity fire followed by the Rush, Hancock, and Somes Fires (Table 1, Fig. 1 ). Elevation within the fire perimeters ranged from 155 to 2175 m with the lowest mean elevation in the Somes Fire and the highest in the Uncles Fire (Table 3 ). Slope (% ; Table 3 ) and slope position (Fig. 4a ) were fairly equally distributed across all five fires. A greater proportion of the landscape within the Somes Fire occurred on north-facing aspects, while a greater proportion of the Rush and Uncles Fires occurred on south-facing aspects (Fig. 4b) . The Hancock and Titus Fires burned approximately equal proportions of north-and southfacing aspects (Fig. 4b) .
The majority of acres within the perimeter of the Rush, Somes, and Uncles Fires had no prior record of fire, according to the California fire history database (Fig. 4c ). The Hancock Fire had a mean time since fire of 35 yr with numerous locations having burned one, two, or three times prior to 2006. The entire area of the Titus Fire previously burned in the 1987 King Titus Fire (Table 3) . Less than 1% of the total hectares in the 2006 fires analyzed burned three or more times since 1908 (Fig. 4c ). Vegetation cover type prior to the 2006 fires was classified as mostly conifer and mixed hardwood/conifer (>80%). Approximately 15% of the area within both the Titus and Uncles Fires consisted of shrubs, with lesser amounts in the remaining three fires (Fig. 4d ). Hardwood and mixed hardwood/conifer vegetation dominated the area burned by the Somes Fire, while the majority of forest vegetation within the other four fires was conifer (Fig. 4d ). Little area within the 2006 fire perimeters was classified as herbaceous.
The highest mean daily rates of solar radiation were recorded within the Rush (25,510 kJÁm À2 Ád À1 ) and Uncles (23,846 kJÁm À2 Ád À1 ) Fires (Table 3) .
Average daily temperature ranged from a low of 14°C to a high of 29°C, and mean daily relative humidity ranged from a low of 27% to a high of 61% (Table 3 ).
Influence of inversions
During an inversion, sunlight was absorbed by the thick smoke layer, reducing APAR at the RAWS below 1300 m. A significant difference between APAR above and below the inversion layer was observed on 20 of 45 d analyzed during the 2006 burn period (Figs. 5, 6 ). On these days, differences between RAWS above and below the inversion ranged from 3.1 to 8.2 watts/m 2 . 
Generalized additive model
The predictor variables in the final model (significant at P < 0.001; a conservative P was used due to the high statistical power achieved by including all pixels within the fire perimeters) were vegetation type, slope position, aspect class, the number of fires, inversion day by elevation, average temperature, average relative humidity, solar radiation, time since fire, and slope percent ( Table 4 ). The data exhibited a positive spatial correlation up to a distance of approximately 250 m, meaning that locations 250 m apart or less were more likely to have similar fire severities (Fig. 3) . In the full model that included spatially explicit covariates (e.g., elevation, aspect, and a function of longitude, longitude referred to as spatial term), the residuals were no longer spatially correlated (Fig. 3) . The spatial term in the model is a surrogate for other, unobserved, spatially explicit variables with potential effects on burn severity. The model with all variables, including the spatial variable, explained 26% of the variance in fire severity.
Variables included in final model
Fire severity was highest on east-facing aspects (east, northeast, and southeast), regardless of dominant vegetation class (Table 5) . Alternatively, west-and northwest-facing aspects exhibited reduced fire severity (Table 5 ). Both the mid-and upper slopes had higher fire severity than the lower slopes (Table 5 ). Lower fire severity was noted on the steepest slopes (>100%), but percent slope had little effect on fire severity overall (Fig. 7a) .
For vegetation types, the highest severity occurred where shrubs dominated, and the lowest severity occurred where conifers dominated (Table 5) Table 5) .
. Hardwood vegetation burned at severities intermediate between shrub and conifer vegetation, and mixed hardwood/conifer vegetation burned at severities intermediate between mixed hardwood and conifer vegetation (
Number of fires since 1908, while statistically significant, did not explain much of the variation in fire severity ( Table 4 ). Areas that had burned once or twice previously since 1908 had higher fire severity as compared to areas that had burned zero or three times ( Table 5 ). The few areas that burned four times were generally associated with shrub-dominated vegetation ( Table 5) . Fire severity was lower in areas that had burned less than 20 yr prior (Fig. 7b ). Severity tended to be somewhat greater for areas burned within the past 25-35 yr, but was lower again for areas that had not experienced fire for 40-80 yr (Fig. 7b ). Severity was highest in areas that had not burned in over 80 yr (Fig. 7b ). Areas that burned during periods of low solar radiation (<15,000 kJÁm À2 Ád À1 ) showed lower fire severity, while severity slowly increased as average daily solar radiation increased above this threshold (Fig. 7c) .
In addition to topography and fire history, dominant weather patterns also helped to explain variation in fire severity (Table 4) . Fire severity was lower when mean temperatures recorded at RAWS were low (Fig. 7d) . Similarly, fire severity was lower when mean relative humidity was high (Fig. 7e) . Severity was highest when average temperature exceeded 22°C and average relative humidity dropped below 35% (Fig. 7e) .
On days when no inversion was present, the estimated partial effects indicated a positive association between fire severity and elevation (Fig. 8a) . On days when an inversion was present, all locations burned at similar average severities below the inversion, whereas fire severity increased linearly with elevation above the inversion (Fig. 8b) .
DISCUSSION
A better understanding of the drivers of ecological change resulting from wildfire would assist managers in making informed choices for fires where effects to habitat are an important factor in decision making. Wildfires in the Klamath Mountains in 2006 present one set of conditions fires burn under in this landscape. Because the fire season followed a significantly wetter than average winter, both live and dead and down fuels were likely at least initially moister than they might otherwise be during the summer through early fall burning period. In addition, average burning conditions prevailed with relatively stable atmospheric conditions and a lack of strong winds enhanced the likelihood that fire would produce beneficial ecological effects (Fig. 2) . This analysis provides managers an idea of the relative strength of different factors controlling fire severity under such burning conditions. Notes: The coefficients are the values to be added to the intercept (À0.308) for each level of the categorical variable. For each variable, one of the levels is randomly assigned an estimated effect of zero to be added to the intercept (e.g., vegetation type, herbaceous; slope position, lower; aspect, flat; and number of fires, zero).
Topography: an important driver of fire severity in the Klamath Mountains
Slope position and aspect were the most important topographic drivers of fire severity in these fires. Both mid-and upper-slope positions experienced higher fire severities compared to lower-slope positions including canyon bottoms. One likely cause is that wind speeds are often greater on upper-slope positions (Bradstock et al. 2010 ). In addition, in part because lightning ignitions tend to occur at higher elevations, lower slopes and canyon bottoms would on average experience a greater percentage of more slowly spreading backing and flanking fire, with faster spreading heading fire more likely on upper slopes (Agee 1993) . Differences in vegetation structure between upper-and lower-slope positions may also contribute to this pattern. The tallest trees are typically found along streams in canyon bottoms due to deeper soils and access to moisture. If effects to trees are the result of crown scorch, when trees are taller the same intensity fire would tend to produce lower-severity effects. We found higher severity on east-and southeastfacing aspects throughout the fires, a pattern similar to that observed by Weatherspoon and Skinner (1995) for a series of lightning-ignited fires burning in the same landscape in 1987. Based on total solar radiation, one might expect to see more high-severity fire on west-facing than on east-facing aspects (Taylor and Skinner 1998) . It is therefore possible that the stronger influence on fire severity, in this case, was earlier warming of fuels on east-to southeast-facing aspects. Additionally, east-and southeast-facing aspects tended to be dominated by hardwood vegetation that is often completely consumed in a fire, a possible consequence of past fire severity influencing vegetation composition and therefore future fire severity-fire perpetuating a vegetation type more likely to burn at high severity.
While fire spreads faster on steeper slopes (Rothermel 1972) , slope steepness was only a minor predictor of fire severity, likely because it was confounded by other factors. In the Klamath Mountains, the steepest slopes tend to also be rocky, have lower moisture availability, and therefore less available fuel (Weatherspoon and Skinner 1995) . This is consistent with the trend of decreasing severity noted on slopes greater than 100% in this study. The low importance of slope percent relative to other variables may also be due to most of the landscape of the Klamath Mountains being very steep-lack of variation (Table 4 ).
Vegetation and previous fire history as predictors of fire severity
Vegetation type was the strongest predictor of fire severity in the final model. Highest severity was observed in areas dominated by shrubs and hardwoods. These vegetation types are typically lower statured and thus are expected to experience higher severity at a given level of fire intensity than taller-statured mature conifer vegetation types. Positions on the landscape most likely to burn at high severity tend to favor plants with adaptations that allow them to persist with such a fire regime. For example, seeds of common shrub genera such as Arctostaphylos Adans. (manzanita) and Ceanothus L. are stimulated to germinate by fire (Keeley et al. 2005) , and many shrub and hardwood species resprout vigorously after highseverity fire (Cocking et al. 2014) . The renowned diversity of vegetation in the Klamath Mountains, containing vegetation types favored by both highand low-severity fire at the stand to landscape scales, points to the importance of mixed-severity fire in shaping vegetation in this region (Skinner et al. 2006 , Perry et al. 2011 .
Fire history (time since last fire, number of fires) prior to the 2006 fires had low relative importance in the final model, possibly because the effect of fire on future fuels is complex. Fire both consumes fuel and creates fuel, with more of the latter the more severe the previous fire(s). Fire severity was lowest in areas that had experienced a fire in the past 20 yr, likely because accumulated fine dead surface fuels were consumed and require years to build up again to levels similar to or exceeding those found prior to the fire. Both Collins et al. (2007) and Bradstock et al. (2010) found reduced severity when time since the previous fire was less than 17 and 10 yr, respectively. Severity in this study gradually increased when the time since fire ranged from 30 to 50 yr. One possible explanation is that larger woody fuels created by the death of stems from the previous fire would have become rotten and likely fallen to the ground by this time. Large rotten wood is readily ignited and consumed by fire, and too much can lead to extreme fire behavior and more extreme fire effects (Barker 2008) . Severity decreased again between 50 and 80 yr since previous fire and then increased beyond 80 yr. It is not clear why a decrease was found during the 50-to 80-yr interval post-fire, but the increase following 80+ without fire is consistent with accumulating fuels over time (often accompanied by forest densification) in the absence of fire. The number of fires that occurred prior to the 2006 fires reduced fire severity only when more than three fires had occurred. Recurring fire creates a patchy mosaic of vegetation and fuels which can influence the rate of spread and extent of subsequent fires (Collins et al. 2008) . Multiple fires may also be necessary to both thin the forest and then consume the dead material killed by the initial fire(s).
Weather and inversions as predictors of fire severity
Severity tended to be less during periods of lower average daily temperature and higher average daily relative humidity, as would be expected, but weather explained little of the variation in the final model. Generally, moderate weather conditions prevailed throughout the 2006 fire season with relatively narrow ranges of mean temperature and relative humidity (Table 3 ). Other studies have found a much stronger relationship between daily variation in relative humidity and fire severity. For example, Collins et al. (2007) saw a strong effect of relative humidity on patterns of severity in Yosemite National Park, and both higher temperatures and lower relative humidity were associated with higher rates of damage in the Biscuit Fire, which burned nearby in southern Oregon and northern California (Thompson and Spies 2009 ). The Biscuit Fire burned under more extreme weather conditions, leading to weather dominating over local variation in fuels and topography in shaping the patterns of fire severity. Elevated influence of weather-related factors under extreme weather conditions has also been reported by others (Oliveras et al. 2009 , Bradstock et al. 2010 . Instead of extreme temperatures, relative humidity, or wind, the 2006 Klamath fires were most heavily influenced by the inversions that were common throughout the summer months. The topographic complexity of the Klamath Mountains supports development of inversions that can persist for days or weeks, and are known to have a suppressing effect on fire behavior especially during large fire events, or when multiple fires are burning at the same time, trapping large quantities of smoke. Additionally, a thermal belt in the warm air above the inversion can cause fire behavior on the mid-to upper slopes to exceed that on the lower slopes (Sharples 2009). These results corroborate the findings of Miller et al. (2012b) , who reported a lower proportion of high-severity fire occurring in years with many lightning starts, when total area burned was high and the fires burned over a long time span. They hypothesized that the lower severity was due in part to lengthy inversions that trapped smoke from multiple fires.
Because this was the first attempt to quantify the effects of temperature inversions on patterns of fire severity, there were a number of limitations to this analysis. The actual effect of smoketrapping temperature inversions may have been stronger than we were able to show because we used RAWS data to predict the presence of inversions, but this does not actually identify the location of the smoke layer. A temperature inversion in (relatively) clear air without the presence of smoke should have less of an effect on fire severity. Second, determining the elevation at which the smoke layer becomes stagnant is important to understanding the threshold where fire behavior is altered and where differential potential effects on vegetation are hypothesized to occur. In this study, the location of the inversion layer was assumed to be 1300 m based on multiple field observations by fire personnel. Future research may wish to utilize a combination of MODIS and multi-angle imaging spectroradiometer images that have the capability to capture the location and altitude of the smoke clouds to better assess temporal as well as spatial aspects of smoke trapped by the inversions.
Spatial model
The generalized additive model used in this study explained only a moderate amount of variation in fire severity, despite incorporating an extensive spatially representative data set. Other studies using varying analysis techniques have been able to explain higher percentages (Wimberly and Reilly 2007 , Holden et al. 2009 , Prichard and Kennedy 2014 . Reasons for the relatively low explanatory power may lie in the topographic complexity, difficulty in quantifying weather, uncertainty in the timing and extent of smoke-trapping inversions, varying fire management techniques, and the fact that we analyzed data from multiple fires in the same statistical model. In addition, the topographic complexity of the Klamath Mountains landscape means that localized variation driving patterns in fire severity may not be adequately captured with standard variables. Defining vegetation structure and topographic complexity at an appropriate scale may help to further refine models to strengthen predictive power.
Variation in fire severity is perhaps easier to explain for fires burning under a greater range of weather conditions, including periods of extreme fire weather. In addition, daily averages capture warming and drying trends, but diurnal variation is often much greater and has a major influence on fire behavior. For example, areas burning at night would be expected to experience much reduced severity, even during periods of warmer average temperature or lower average relative humidity. Because progression maps are created at most once per day, the effect of diurnal variation is not captured. Some weather variables that are often important for explaining fire behavior, such as wind speed and direction, were not in the model, because daily averages would not be very informative.
Finally, the role of fire management actions is often difficult to assess after a fire. While we studied fires that burned primarily in wilderness, some portions of these fires were subject to burnout operations and other forms of fire management that were not quantified. It is widely known that differences in fire management can have considerable effects on the natural fire spread.
Consequences for fire management and future directions
Despite several major fire years in recent times (1987, 1999, 2006, 2008) , the fire rotation in this landscape is still much higher than it was historically (Miller et al. 2012b ). With less fire, fuels that have accumulated in many areas have increased the susceptibility to higher-severity fire (Agee and Skinner 2005) . Mechanical treatments for treating fuels and reducing fire hazard are impractical in many areas of the Klamath Mountains, due to the steepness of the landscape, and may not meet objectives unless accompanied by a reduction in surface fuels. Prescribed fire, while effective for reducing surface fuels, has not kept pace with the need for many reasons (Quinn-Davidson and Varner 2012, Ryan et al. 2013) . Allowing some lightning-ignited fires to burn, particularly those occurring under conditions likely to produce the most desirable effects, may be the best way to restore fire at a scale necessary to substantially influence fire hazard and pre-empt fires burning under more extreme conditions (North et al. 2012) .
The decision of allowing at least some portions of wildfires to burn for resource and future fuels benefits often boils down to the level of short-term risk one is willing to accept. While potential effects to human life and property often factor more highly in the risk avoidance equation, effects to resources are also an important consideration. Without good information on the conditions that lead to fire with desired ecological outcomes, many potentially beneficial wildfires are suppressed. This research provides concrete evidence about the relative importance of topographic, weather, and fire history-related factors in shaping fire severity during the 2006 fire season. Findings also illustrate fire severity patterns that might be expected for fires burning under these or similar conditions in this landscape, and could be used for decisions on appropriate response to wildfire. Managers may need to recognize that higher levels of fire severity (tree mortality) are likely to occur on upper slopes and ridgelines and to a lesser degree on middle slopes and east-/southeastfacing aspects, even during wetter than during normal precipitation years. Additionally, shrubdominated habitats that are often associated with certain positions on the landscape may be vulnerable to reburning at high severity, maintaining them as self-reinforcing vegetation community types (Peterson 2002 , Skinner et al. 2006 ). Finally, temperature inversions that are common in landscapes with complex topography (Sharples 2009) can have a significant influence on prevailing weather below the elevation where the inversion is present. Even though trapped smoke represents a challenge for the human communities living in this landscape (Mott et al. 2002) , there are also potential benefits to exploiting such conditions in fire management decisions, if reducing fire severity is the goal. As our understanding about the controls to spatial and temporal patterns of fire severity improves, it may one day be possible to develop a predictive model for the Klamath Mountains, similar to one developed by Holden et al. (2009) , for the Gila Wilderness and surrounding National Forest, that could output ranges of fire severity on a particular landscape under varying weather scenarios for use in fire management decision support. Such a model would require data from a range of burning conditions much broader than those studied here. Multiple fire seasons across multiple regions burning under different weather and climatic conditions would be needed to predict landscape-scale fire severity at multiple spatial and temporal scales, and to develop localized variants. In addition, in order for models to explain more of the variance in fire severity, new variables that more closely capture fuel type, structure, and condition will need to be developed, along with the means to better locate and quantify smoke-trapping temperature inversions and weather conditions at finer temporal scales.
